Nonoxidative alcohol metabolism catalyzed by fatty acid ethyl ester (FAEE) synthases may contribute to extrahepatic injury resulting from alcohol abuse. Unlike rabbit myocardial FAEE synthase, that from human heart has a satellite minor synthase (I) eluting from DEAE cellulose at a conductivity of 5 mS. Synthase I was purified 1,1 18-fold to homogeneity by sequential gel permeation, hydrophobic interaction, and Superose-12 fast-protein liquid chromatographies. SDS-PAGE showed a single polypeptide with a molecular mass of 26 kD and gel permeation chromatography indicated a molecular mass of 52 kD for the active enzyme. Homogeneous synthase I catalyzed ethyl ester synthesis at highest rates with unsaturated octadecanoic fatty acid substrates. The amino acid composition of synthase I was highly homologous to that of human myocardial major synthase, recently identified as an acidic glutathione (GSH) S-transferase. Antibody raised against homogeneous human heart major synthase cross-reacted with the 26-kD synthase I. FAEE synthase co-chromatographed with GSH S-transferase on DEAE cellulose, Sephadex G-100 and S-hexylglutathione agarose, and also displayed GSH S-transferase activity in catalyzing the conjugation of GSH with nitrobenzene-containing carcinogens. Thus, human myocardium contains a satellite peak of FAEE synthase activity and it is a neutral GSH S-transferase.
Introduction
The World Health Organization concluded in 1964 that an important association existed between excessive drinking of alcohol and development of tumors of the pharynx, esophagus, stomach, and liver (1) . Moreover, chronic ethanol ingestion has a carcinogenic enhancing effect for tumors of various tissues induced by polycyclic hydrocarbons and nitrosamines (2, 3) . Our laboratory has recently established a biochemical link between alcohol and carcinogen metabolism by reporting a high degree of homology between the major fatty acid ethyl ester (FAEE)' synthase from human myocardium and the glu-tathione (GSH) S-transferases, or GSTs, enzymes that detoxify a wide variety of polycyclic carcinogens and xenobiotics (4) .
FAEEs were recently identified in heart and these neutral lipids were shown to accumulate in vivo after being synthesized in the myocardium (5) (6) (7) (8) . In isolated rabbit heart mitochondria, these ethyl esters induce mitochondrial dysfunction in vitro (5), a finding that establishes a link between alcohol intake and mitochondrial damage, a hallmark of alcohol-induced heart muscle diseases.
FAEE synthase exists as two forms in rabbit myocardium and both ofthese enzymes catalyze the synthesis of FAEEs (9) . These two forms can be separated from each other by chromatography on DEAE cellulose (9) . However, after chromatography on DEAE cellulose, we have now identified three forms of synthase in human myocardium. The heretofore undescribed first form eluting at 5 mS on DEAE-cellulose chromatography (synthase I) has not been isolated and purified from any species.
In the present investigation, we report the isolation, purification to homogeneity, and characterization of synthase I from human myocardium. In addition, we also demonstrate a relationship between synthase I and GST, an acidic isozyme which has recently been described to be the major FAEE synthase (4). The present data establish a second structural and functional link between alcohol and carcinogen/xenobiotic metabolism and thus provide a molecular framework for further evaluating the long-accepted clinical association between alcohol abuse and oncogenesis. Homogenate preparation. Ventricular myocardium (60 g) from human heart was placed in ice-cold 1 mM 2-mercaptoethanol (BME) 10 [20, 000] , and a-lactalbumin [14, 000] ).
Amino acid analysis. An automated amino acid analyzer (model 6300, Beckman Instruments, Inc., Fullerton, CA) was used for amino acid analysis. Hydrolysis was performed in vacuo using 6 N HCO in a sealed vessel at 11 0IC for 24 h. Cysteine and methionine were quantitated after oxidation with performic acid prior to hydrolysis.
Immunoblot analysis. Purified synthases were subjected to gel electrophoresis on the Phast System (Pharmacia Fine Chemicals, Piscataway, NJ) and then electrophoretically transferred to a nitrocellulose sheet (14, 15) . After transfer, the nitrocellulose sheet was washed four times with 300 ml of phosphate-buffered saline containing 0.3% (vol/ vol) Tween 20 and then incubated for 3 h with rabbit anti-major synthase antibody and 1% ovalbumin. After washing three times with phosphate-buffered saline, the sheet was incubated with 25I-Protein A (150 Al, 105 cpm/pmol) containing 1% ovalbumin. The nitrocellulose sheet was then washed again with phosphate-buffered saline, dried and exposed to X-ray film for 72 h. Antibody against the major synthase does not cross-react with the minor synthase, albumin, or cholesterol esterase, nor does preimmune serum recognize any of the synthases.
Results
Fractionation of FAEE synthase forms. When the soluble fraction from a homogenate of human myocardium was fractionated on DEAE cellulose (2 X 18 cm) in 1 mM BME, 10 mM Tris, pH 8.0, three peaks of FAEE synthase activity were consistently and reproducibly observed (Fig. 1 ). These species are designated as follows: synthase I, eluting at 5 mS; minor synthase (II) eluting at 7 mS; and the major synthase (III) eluting at 11 ImS. This pattern is unique to human heart since only two activity peaks are observed in other mammals (9) . This elution profile is not affected by the presence of protease inhibitors, indicating that this heterogeneity is not due to adventitious proteolysis. Recently the major synthase was puri- Figure 1 . DEAE-cellulose chromatography. Enzyme activity from human myocardium was fractionated in 1 mM BME, 10 mM Tris, pH 8.0. The column was developed with a linear salt gradient running from buffer to 400 mM NaCl (m). Fractions (6 ml) were collected at 40 ml/h and monitored for protein (o) and synthase activity (o). . Gel permeation chromatography of FAEE synthase I. Protein was applied at 6 ml/h to Sephadex G-100 (2.5 X 72 cm) equilibrated with 1 mM BME, 10 mM Tris, 50 mM sodium phosphate, pH 7.0. Fractions (2.5 ml) were collected and monitored for A280 (°) and FAEE synthase activity (.).
fied to homogeneity and was shown to be homologous to GSH transferase (4). However, the properties of synthase I are unknown and its relationship to the minor and major enzymes is also unknown. Purification of FAEE synthase I. In order to concentrate the FAEE synthase I pool (45 ml) from the DEAE column, solid ammonium sulfate was added to 70% of saturation. The precipitate was collected by centnfugation, dialyzed against 1 mM BME, 10 mM Tris, 50 mM phosphate, pH 7.0, and applied to a Sephadex G-l00 column (2.5 X 72 cm). The enzyme was recovered in 75% yield as a single, broad peak (Fig. 2) . When the major synthase is chromatographed on the same column at the same flow rate, it emerges at a larger elution volume. However, fast-protein liquid chromatography (FPLC) gel filtration and SDS gels (see below) indicate that these two species have the same molecular mass, 52 kD. The different G-100 elution volume observed here, as well as the broad activity peak, probably reflects matrix protein interaction, a common phenomenon for lipid enzymes.
An octyl Sepharose column (1 X 7 cm) was equilibrated with 1 mM BME, 1O mM Tris, 50 mM phosphate, pH 7.0, and those Sephadex G-100 fractions with activity > 8 nmol/ml per h were applied at 20 ml/h. After washing the resin with 0.10% sodium cholate in the same buffer, the column was developed further with a linear cholate gradient running from 0.10% to 0.20% and the enzyme emerged at 0.13% cholate in 70% yield (data not shown).
Fractions containing enzyme activity greater than 2 nmol/ ml per h were pooled and applied to Superose-12 FPLC, equilibrated with 1 mM BME, 10 mM Tris, 50 mM sodium phosphate, pH 7.0. Enzymatic activity emerged at an elution volume corresponding to a molecular mass of 52 kD (Fig. 3) . SDS-PAGE of this material (35 dg) showed a single band of molecular mass of 26 kD (Fig. 4 ) when stained either with silver or Coomassie blue. The enzyme therefore is a dimer, consisting of two 26-kD subunits. Synthase I showed significant cross-reactivity to antibody raised against homogeneous human heart major FAEE synthase, both by solid-phase radioimmunoassay and immunoblot (data not shown).
The purification summary of the FAEE synthase I is given in Table I . An Amino acid analysis. Based on a subunit molecular mass of 26 kD, the amino acid. composition of the synthase I is very similar to that reported for the major synthase from human heart (Table II) , another dimeric enzyme with a subunit molecular mass of 26 kD and recently described as a member of the GST family (4).
Kinetic properties. The substrate specificity of the FAEE synthase I was examined by measuring the rate of ethyl ester synthesis in the presence of fatty acids ofdifferent chain length and degree of saturation (Table III) . The following '4C-labeled fatty acids were used: palmitate, stearate, oleate, linoleate, and arachidonate. In all cases, linear Lineweaver-Burke plots were found and the maximum rates of synthesis (Vmax) were observed with linoleate and oleate, 222 and 200 nmol/mg per h, respectively. Saturated fatty acids had the lowest rates of ethyl ester synthesis, with rates of 36 and 32 nmol/mg per h for stearate and palmitate, respectively. In contrast, binding affinities (Km) for these fatty acid substrates were all nearly the same, 0.40-0.59 mM at a fixed oleate concentration of 0.91 mM, the Vmax and Km for ethanol were 59 nmol/mg per h and 0.30 M, respectively. Importantly, the homogeneous synthase I was also active as a GSH transferase with the standard substrate 1-chloro-2,4-dinitrobenzene (1 mM) as substrate ( Co-chromatography. Several chromatography experiments were performed to confirm that synthase I is a GST. First, the DEAE-cellulose fractions (active as synthase I, total activity 700 nmol/ml per h) were assayed for GST activity with 1 mM l-chloro-2,4-dinitrobenzene as substrate, and this activity cochromatographed with the synthase I activity. Using this chromophoric substrate, the pooled fractions had a total activity of 40 mol/min per mol enzyme (data not shown). These fractions were concentrated by ammonium sulfate (70% saturation) and dialyzed against 1 mM BME, 10 mM Tris, and 50 mM sodium phosphate, pH 7.0. The enzyme was applied to a Sephadex G-100 and eluted with 1 mM BME, 10 mM Tris, and 50 mM sodium phosphate, pH 7.0 (Fig. 5) . A single peak of synthase activity (total pool activity, 434 nmol/ml per h) was observed in 62% yield and a single peak of GST activity co-chromatographed (total pool activity, 24 mol/min per mol enzyme) in 60% yield. Finally, the pool from the Sephadex G-100 column was dialyzed against phosphate-buffered saline, pH 7.4 and Figure 5 . Co-chromatography of synthase I and GST activity. Synthase I activity from DEAE-cellulose chromatography was pooled, concentrated by ammonium sulfate precipitation, and then applied at 6 ml/h to Sephadex G-100 (2.5 x 72 cm), equilibrated with 1 mM BME, 10 mM Tris, and 50 mM sodium phosphate, pH 7.0. Fractions (2.5 ml) were collected and monitored for A280 (o), FAEE synthase activity (-) and GSH transferase activity (A), as described in Methods.
purify synthase I to homogeneity from the human myocardium, and we show it to be a member ofthe GSTs. Our results thus establish a link between alcohol and xenobiotic/carcinogen metabolism (4) . A detailed kinetic study of synthase I demonstrated a marked substrate specificity. Highest rates of ethyl ester synthesis were found with linoleic and oleic acids, the same pattern as that found with human major synthase, but the synthase I is twofold more active than the major synthase. Thus, V,,. for the synthesis of ethyl oleate by human synthase I is 200 nmol/mg per h, whereas that for the major synthase is 100 nmol/mg per h. The Km value of synthase I for all fatty acids is 0.40-0.59 mM, whereas the Km value ofthe major synthase for all fatty acids is 0.10-0.20 mM, slightly lower than those found for synthase I.
Synthase I is a dimer with a molecular mass of 52 kD. SDS-PAGE shows that the subunit molecular mass of Synthase I is 26 kD, similar to that of the major synthase (4). Synthase I cross-reacts with the antibody raised against homogeneous human heart major synthase, both in radioimmunoassay and immunoblotting analyses. Immunoblots of synthase I show a band at 26 kD which indicates that synthase I has a subunit molecular mass of 26 kD, and also that synthase I and the major synthase may share an epitope. Antibody does not cross-react with the minor synthase (65 kD) by radioimmunoassay, suggesting that synthase I and the major synthase may differ from the minor synthase. These immunologic and structural data, together with activity measurements using 1-chloro-2,4-dinitrobenzene as a substrate, indicate that synthase I is a member of the GST family.
Recently, we have shown that the major synthase has sequence and functional homology to GSH transferases (4) . The GSH transferases comprise a family of isoenzymes that are capable of detoxifying a variety of xenobiotics through the conjugation of reduced GSH to electrophilic centers in such molecules (18) . Rat heart contains several acidic and neutral GSTs with isoelectric points of 4.9, 5.2, 5.5, and 6.8, but they have not been purified to homogeneity from the heart of any species (19) . Since the major synthase has a pI of 4.9, it is an acidic GST. Since synthase I is structurally and functionally similar to the major synthase, it may be that synthase I is also one of the acidic or neutral GSTs. Our co-chromatography experiments have shown that synthase I and GST activities are eluted together. Presently, it is not known why synthase I contains low levels of GST activity when compared to those found in human heart or other tissues (4, 18, 20) . However, it has been reported that GST activity may be lost either because of structural modifications or because of the presence of inhibitory factors (21, 22) .
Inclusion of an alcohol-metabolizing enzyme within the group comprising the GSH S-transferases bears importantly on the long-appreciated relationship between alcohol abuse and the propensity to develop tumors of the pharynx, esophagus, stomach, and liver (23, 24) . These organs are exposed to high concentrations of ethanol (100-500 mM), where excessive FAEE generation may occur. Because GSTs are the major route for elimination of endogenous and ingested carcinogens, co-metabolism of ethanol and carcinogens by these enzymes may affect end-product concentrations and biological halflives of either or both. Thus, environmental influences on the rates of ethanol metabolism and xenobiotic transformation may be interrelated since numerous agents, such as ethanol, phenobarbital and thyroid hormone, may induce the GSH transferases.
